Evidence of the negative effects of several pharmaceutical molecules, such as hormones and steroids, on the environment can be observed throughout the world. This paper presents the results of the anodic oxidation of the mixture of gestodene steroid hormones and 17 α-ethinylestradiol present in aqueous medium. The tests were conducted in an undivided cell containing a working volume of 50 mL, using a Na 2 SO 4 solution as support electrolyte and boron-doped diamond electrodes. The experiments were adjusted to the structure of a 3 3 factorial design. The evaluated factors were: support electrolyte concentration (0.02, 0.05, and 0.10 M), pH of the reaction media (2, 3, and 4), and current density (16, 32, and 48 mA cm À2 ). Under the optimum conditions (0.02 M Na 2 SO 4 , pH 4, and current density of 32 mA cm À2 ), the degradation of at least 93% of the initial concentration of gestodene and 17α-ethinylestradiol was reached in a reaction time of 5 and 10 min, respectively. The complete degradation of both molecules required 15 min of reaction. Under these conditions, the degradation profile of the pharmaceutical mixture as each one of the active ingredients, followed a pseudo-first order kinetic behavior (k mix ¼ 0.0321, k GES ¼ 0.4206, and k EE2 ¼ 0.3209 min À1 ).
INTRODUCTION
In the last few years, a wide spectrum of molecules capable of affecting, to a greater or lesser extent, the endocrine system of several living organisms, including human beings, have been identified in the environment (Liu et al. ; Sahoo et al. ) . Among these compounds can be included: steroid hormones such as gestodene (GES), 17α-ethinylestradiol (EE2), 17β-estradiol (E2), and drospirenone; β-blockers such as metoprolol; and pesticides such as 2,4-dichlorophenoxyacetic acid. Evidence has been gathered relating these types of molecules to the increase in the prevalence of cancers and malformations in human reproductive organs (Dickerson & Gore ) , and to feminization, masculinization, and malformation of the reproductive system of lower organisms such as fish, birds, and reptiles (Brian et al. ) . For this reason, they are generally identified as endocrine disrupting compounds (EDCs). separately, the results were similar, resulting in efficiencies greater than 99% for both compounds. In the O 3 /H 2 O 2 process, the addition of H 2 O 2 did not improve estrogen removal. Currently, the study of the degradation of GES-EE2 mixture is insufficient. Only a few investigations have reported the degradation of the GES-EE2 mixture alone or in the presence of other hormones (Fu et of EE2, and 70% of GES was observed. The authors also evaluated the effect of the pH on the reaction medium (pH 3, 7, and 9) and observed that the greatest removal was achieved in acidic conditions. Moreover, the degradation kinetics of each molecule followed a pseudo-first order reaction profile.
On the other hand, Rokhina et al. () evaluated the ozonation of 12 hormones, among them, EE2 and GES.
The hormone mixture had an initial concentration of 100 μg L À1 of each one and degradation percentages above 99% were achieved with a 1 min treatment using an ozone dose of 5 mg L À1 . In view of this information, in the present article, data obtained from the degradation of the GES-EE2 mixture through anodic oxidation using BDD electrodes are shown. The tests were performed using the initial GES/EE2 concentration ratio present in pharmaceutical formulations of oral contraceptives. Parameters such as supporting electrolyte concentration, pH of the reaction medium, and the current supply to the system were controlled in order to determine the conditions in which the greater degradation percentage was achieved.
METHODOLOGY Reagents
The analytical grade chemical substances, such as sodium sulfate, as well as the reagents used in the chemical oxygen demand (COD) determination were supplied by Sigma-Aldrich.
The high-performance liquid chromatography (HPLC) grade solvents used in the chromatographic determinations were acquired from Sigma-Aldrich. The GES-EE2 working solutions were prepared using pharmaceutical formulations obtained from a local pharmacy store. In the preparation of each one of the working solutions, distilled water was used.
Electrolytic system
All the anodic oxidation tests of the GES-EE2 mixture were conducted in an undivided electrolytic cell with a reaction volume of 50 mL, using a Na 2 SO 4 solution as supporting electrolyte. Considering the study reported by Frontistis et al.
(), in all the cases, the initial concentration of the mixture was adjusted at 625 μg L À1 of GES and 250 μg L À1 of EE2, this mixture presenting an initial COD average concentration of 713 mg L À1 and a standard deviation of 20.5 mg L À1 . As anode and cathode, parallel BDD electrodes (Adamant Technologies, Switzerland) having a working surface of 2.5 × 2.5 cm 2 , separated by a distance of 2 cm, were used. The pH of the reaction medium was adjusted using 10% H 2 SO 4 .
The current was supplied and controlled through a power supply unit (Extech Instruments Model 382270) operated under open potential. The reaction medium was kept at all times at room temperature (26 ± 2 W C), under constant agitation (850 rpm) and in complete darkness.
Experimental design and data analysis
The degradation tests were conducted in batches according to a 3 3 factorial design, generating a total of 27 different treatments. The studied factors were: supporting electrolyte (Na 2 SO 4 ) concentrations (0.02, 0.05, and 0.10 M); pH of the reaction medium (pH 2, 3, and 4); and current density (16, 32, and 48 mA cm À2 ). Each one of these treatments was performed in triplicate. The GES-EE2 mixture was dissolved in the reaction medium and, in all the cases, a 10min medium homogenization period was permitted prior to current induction, which started the oxidative process. The 
where [COD] f ¼ COD after a reaction time and [COD] 0 ¼ COD at the beginning of the oxidative process.
Witness tests
Witness tests were performed in order to ensure that the removal of COD present in the reaction medium could be attributed to the anodic oxidation and not to other uncontrolled factors, such as adsorption or evaporation. These tests were conducted under the same conditions in which the oxidation of the GES-EE2 mixture was evaluated (medium pH, supporting electrolyte concentration, agitation, darkness, and reaction time), the only difference being that in these tests the system did not receive electric current. During the reaction time of the witness tests, the reaction medium was monitored every 20 min and the residual COD of these samples was quantified.
Determination of the COD
The COD was determined using the closed reflex colorimetric method (APHA ). The organic matter was digested at 150 W C during 2 hours using potassium dichromate. The chromium ions produced were measured in a spectrophotometer UV/Vis (Hach DR-6000) at 605 nm.
Chromatographic method
The chromatographic quantification of GES and EE2 active ingredients was based on the method proposed by Nautiyal & Ramakrishna (), using RP-HPLC (Flexar Quaternary LC Plataform, Perkin Elmer), equipped with a UV/Vis detector. Metabolite reading was performed at 210 nm. The determination was conducted with a 10-min isocratic program using a mobile phase of acetonitrile:methanol:water (35:15:50), at a flow rate of 1.5 mL min À1 , an injection volume of 10 μL and a Hypersil ODS 5 μm column, 4 × 250 mm, supplied by Agilent Technologies. The characteristic peak of EE2 is shown at 5.85 min, while the GES peak is observed at 5.38 min (Figure 1 ).
RESULTS AND DISCUSSION
The type and concentration of the supporting electrolyte, 
Anodic oxidation process
The analysis of variance of the results obtained from the anodic oxidation of the GES-EE2 mixture was performed after verifying the assumptions of normality, homoscedasticity, and
independence. This analysis shows that both the current density as well as the pH and concentration of the supporting electrolyte have a significant influence on the oxidative pro-
F pH ¼ 36.98, p 0.001 in the three cases). Moreover, it also allowed the observation that there is no interaction between the studied factors
The COD reduction percentage, which is the parameter used for monitoring the GES-EE2 mixture oxidation ranged from 70.83 ± 5.87% to 92.11 ± 5.53% (Table 1) 
Organic compound þ BDD OH ½ ads direct relationship leads to thinking that, under these conditions, the process is controlled by current density which is below its limiting value and the observed behavior can be explained through Equations (2) and (3), where it is noticed that the greater the current supplied to the system, the greater the generation of [ • OH] ads (Equation (2)), and thus, the greater the percentage of removal of the organic compound (Equation (3)). With a current density of 48 mA cm À2 , it was observed that the COD removal reached a maximum and then stabilized in some cases, while in other cases, it decreased compared to the results obtained with 32 mA cm À2 . This can be attributed to the predominance of collateral or parasitic reactions (Souza et al. ) , such as the oxygen evolution reaction (Equation (4)), that competes with Equation (1). On the other hand, the relationship between efficiency of the anodic oxidation and current density was not observed at 48 mA cm À2 . This confirms that, under these conditions, the oxidative system efficiency is not controlled by current density, which indicates that this factor is above or at least close to its limiting value.
In Figure 2 , the direct relationship between pH and the removal of COD present in the reaction medium, mainly at low densities (16 to 32 mA cm À2 ), can be seen, while at 48 mA cm À2 this relationship can only be observed when the concentration of the supporting electrolyte in the reaction medium was 0.05 M (8.70 mS cm À1 ). The analysis of variance showed an interaction between the pH of the reaction medium and the supporting electrolyte (α ¼ 0.05, d.f. ¼ diminishes with the application of an increased current density to the system.
Reaction kinetics
The analysis of rate reaction was conducted under the conditions of treatment 6, supporting electrolyte concentration of 0.02 M Na 2 SO 4 , 32 mA cm À2 of current density supplied to the system, and pH of the reaction medium adjusted to 4. Under these conditions, the average COD removal reached 92.11% with a variability, expressed as standard deviation, of 5.53%. COD removal was monitored during 120 min. However, after 80 min, no significant difference was observed compared to the sample taken at 100 min
The profile observed with these samples followed the behavior of a pseudofirst order reaction kinetics (Figure 3(a) ), with an apparent kinetic coefficient k ¼ 0.0321 min À1 (Figure 3(b) ). In the case of the degradation of each one of the active ingredients ( Figure 4) , 15 min were required to achieve the In the case of the anodic oxidation of the GES-EE2 mixture, a pseudo-first order kinetics was expected because it involves bimolecular reactions, such as the organic oxidation reaction expressed by Equation (3). On the other hand, Equation (2) ensures a high and constant concentration of physisorbed OH free radical on the surface of the BDD electrode, and this meets the main condition for the bimolecular reaction of pseudo-first order: one of the reacting species, the OH free radical, is found in constant and much higher concentration that the second reacting species, the organic contaminants.
Effect of the concentration
It is well known that the initial concentration of the reacting species has an important influence on the kinetics of a reaction. In order to study this effect in the anodic oxidation of the GES-EE2 mixture, three different initial concentrations of the pharmaceutical formulation, 400, 713, and 1,000 mg COD L À1 were evaluated under the conditions of treatment 6. The analysis of these results allowed the observation that, independently from the initial concentration, the degradation profile followed the behavior of a pseudo-first order kinetic, which adjusts to the following model -r A ¼ kC A . In Figure 5 (a), the inverse relationship between the initial concentration of the mixture and the kinetic coefficient value can be seen, i.e., k 1,000 ¼ 0.0278 < k 713 ¼ 0.0321 < k 400 ¼ 0.0372 min À1 . Zhang et al. () observed a similar behavior.
According to them, when EE2 was degraded using a photoassisted system, the increase of the EE2 initial concentration from 0.61 to 1.96 mg L À1 led to a decrease of the kinetic coefficient value from 0.091 to 0.0377 min À1 . Figure 5 
